INTRODUCTION
Recently harvested seeds from species belonging to the genus Capsicum are capable of entering a dormant stage (Bosland and Votava, 1999) . Thus, under certain circumstances, a delay in germination and reduction in emergence have been linked to seed dormancy. However, dormancy may last for relatively short periods and can be overcome by seed storage.
However, even though reports of dormancy in pepper seeds exist, the successful establishment of plantlets in greenhouses was also documented when the seeds from specific cultivars were harvested and sown from completely ripened fruits (Bosland and Votava, 1999) . Randle and Honna (1981) described the influence of genotype and fruit age on the intensity of seed dormancy in different cultivars from the genus Capsicum. The authors stated that seeds harvested from ripened fruits germinate more rapidly, with younger fruits displaying a higher intensity of seed dormancy.
Phytohormones affect the mechanisms involved in seed dormancy and germination. The expression levels of genes that control the biosynthesis of abscisic acid (ABA) could be associated with the dormant state. There is evidence that ABA is an important regulator of seed dormancy and germination, contributing to both the induction and maintenance of these states. In contrast, gibberellins are hormones that cause seeds to germinate. In certain species, these phytohormones are important in the synthesis of key enzymes involved in seed germination, such as endo-β-mannanase and α-amylase (da Silva et al., 2004) .
To develop technologies that guarantee the production and commercialization of highquality seeds, it is essential to improve our understanding of the expression of these genes. Thus, the current study aimed to evaluate the physiological quality of habanero pepper seeds during development and the expression of the genes involved in seed germination.
MATERIAL AND METHODS
This study was performed in the experimental area and Central Seed Laboratory of the Agriculture Department, Federal University of Lavras, Lavras, Minas Gerais, Brazil. A randomized block design, with 4 replications, was adopted to produce habanero pepper (Capsicum chinense) seeds. Each section was composed of 15-m long rows, with 15 plants in each row and 1.5-m spacing between rows. The recommended cropping conditions were followed for the cultivation of these crops.
During the flowering stage, flowers were checked daily and labeled on the day of anthesis until a sufficient number of seeds were obtained to perform all of the required analyses. Fruits were harvested at 14, 21, 28, 35, 42, 49, 56, 63 , and 70 days after anthesis (DAA). Following harvest, the seeds were manually removed and washed under running water. Analyses were also performed on fruits harvested at 70 DAA, followed by 7 days of rest. Hence, a total of 10 treatment groups were analyzed. Recently, harvested seeds were subjected to quality testing, which included germination, vigor, and moisture content. A portion of these seeds was stored in a freezer at -84°C to analyze the expression of the enzymes and genes involved in seed germination. Another portion of the harvested seeds was subjected to slow drying in a forced air incubator at 35°C until an approximate moisture content of 8% was reached (Queiroz et al., 2011) .
The methods used to assess the moisture content and germination of the seeds were performed in accordance with the Rules for Seed Testing (Brasil, 2009) . First count of germination was assessed and the germination test was conducted at day 7 post-sowing by determining the percent of normal plantlets. The remaining seeds from the germination test were subjected to a tetrazolium test to assess viability. In addition to the germination test, a seedling emergence test was performed under controlled conditions, with 4 replications.
For the electrophoretic analysis of the enzymes α-amylase, isocitrate-lyase, and endo-β-mannanase, the seeds were first ground using a mortar and pestle in the presence of polyvinylpyrrolidone and liquid nitrogen, and then stored at -86°C.
The α-amylase extraction was completed using 0.2 M Tris-HCl, pH 8.0, buffer + 0.1% mercaptoethanol, using a ratio of 250 μL buffer to 100 mg seeds. The material was homogenized in a vortex and stored in a refrigerator for 8 h; it was then centrifuged at 14,000 rpm for 30 min at 4°C and visualized following the method of Alfenas (2006) . Of note, seeds subjected to all treatments were embedded for 5 h before the extraction process.
The isocitrate-lyase extraction was completed using 0.2 M Tris-HCl, pH 8.0, buffer + 0.1% mercaptoethanol + 0.1% phenylhydrazine, at a ratio of 300 μL buffer to 100 mg seeds. The material was homogenized in a vortex and stored in a refrigerator for 2 h, after which it was centrifuged at 14,000 rpm for 60 min at 4°C. The gels were visualized using the procedures proposed by Pereira (2012) .
Electrophoresis was performed using 2 sequential polyacrylamide gels (i.e., 7.5 and 4.5% separating and stacking gels, respectively). Tris-glycine buffer, pH 8.9, was used in the gel/electrode system. Fifty microliters of supernatant from each sample was applied to the gel, and electrophoresis was run at 120 V for 5 h.
For the extraction of the enzyme endo-β-mannanase, microcentrifuge tubes containing 100 mg ground sample were mixed with 300 μL extraction buffer [0.1 M HEPES/0.5 M NaCl and ascorbic acid (5 mg ascorbic acid per 1 mL buffer), pH 8.0]. Samples were then centrifuged at 14,000 rpm for 30 min, and 2-µL aliquot supernatant was applied to gels containing 6-mL locust bean gum, 0.24 g agarose, and 24 mL buffer (pH 5.0, 1 M citric acid/0.4 M Na 2 HPO 4 2 H 2 O). The aliquots were placed in 2-mm holes created by a hole puncher. The gel was incubated for 21 h and visualized using the methodology proposed by da Silva et al. (2004) . Endo-β-mannanase activity was determined as suggested by Downie et al. (1994) .
To assess gene expression using PCR, RNA extraction was performed for seeds harvested at different developmental stages. Samples were ground in liquid nitrogen, with the addition of Pure Link RNA Plant ® according to manufacturer specifications. The integrity and purity of the RNA preparation were assessed at all steps via electrophoresis on a denaturing agarose gel (stained with SYBR ® Green II; Applied Biosystems) and spectrophotometer (NanoVue).
Following nucleic acid extraction, the samples were treated with DNAs to avoid DNA contamination. This action was performed using the kit DNAse Turbo Free ® AMBIOM following the protocol recommended by the manufacturer.
After RNA extraction and purification, the messenger RNAs (mRNAs) were used as templates for the synthesis of complementary DNA (cDNA). The kit High Capacity cDNA Reverse Transcription cDNA ® (Applied Biosystems) was used, following the protocol recommended by the manufacturer. The efficiency of cDNA synthesis was confirmed by means of conventional PCR.
The sequences of the target genes were obtained by searching the GenBank database for red pepper genome sequences. The primers were designed based on the obtained sequences by using Primer Express 3.0 (Applied Biosystems). The primer sequences are displayed in Table 1 . Gene coding for ubiquitin and glyceraldehyde 3-phosphate dehydrogenase were used as endogenous controls (Wan et al., 2011 RT-PCR was performed on an Applied Biosystems 7500 Real-Time PCR System using the reagents contained in the SYBR ® Green PCR Master Mix (Applied Biosystems) and cDNA synthesized from the previously extracted RNA. PCR conditions were as follows: 2 min at 50°C, 10 min at 95°C, 40 cycles of 15 s at 95°C and 1 min at 60°C, and 15 s at 95°C. Data were collected and stored using the 7500 Fast Software (version 2.1). Each reaction contained 1.0 μL cDNA, 0.2 μL of each primer, and 5.0 μL Master Mix SYBR green UDG with ROX (Invitrogen) to produce a total volume of 10 μL per sample. Water was used as the negative control, and endogenous controls were included in all analyses. All reactions were performed in triplicate.
The Applied Biosystems 7500 Real-Time PCR System (version 2.0.1) software was used to collect the data. Relative quantitation was determined using the comparative threshold cycle (Ct) method. For each sample, the Ct values were normalized based on the Ct values obtained for the endogenous controls. A validation run was performed in advance to determine the amplification efficiency of the target and endogenous genes; similar results nearing 100% efficiency were obtained. The following dilutions were used to obtain the standard curve and evaluate PCR efficiency: 1:5, 1:25, 1:125, 1:625, and 1:3125. This procedure also allowed for selection of the optimal cDNA dilution (i.e., 1:5) to be used in each reaction.
Samples obtained from the seeds harvested at 14 DAA were used as calibration samples. To quantify gene expression using real-time PCR, the corresponding mRNA levels obtained from the samples were compared to those obtained from the controls. Once all raw data were obtained, data analysis was performed using the 7500 Software SDS (Version 2.0.1) program. To calculate gene expression levels, the following variables were considered: Ct (exponential increase of the PCR product) for the target-gene and endogenous control:
Next, the expression level was calculated using the formula:
The physiological qualities of the seeds were assessed by the following tests: first germination count (FGC), germination test (GT), germination speed index (GSI), initial stand (IS), emergence (E), and emergence speed index (ESI). A randomized block design with 4 replications was used to obtain the seeds for the physiological quality tests. Data were subjected to ANOVA, and the means were compared using the Scott-Knott means grouping test with a significance level of 5%. The R 2.14.1 software (2008) was used for all statistical analyses.
RESULTS
According to ANOVA results, a significant effect was observed for all evaluated parameters.
Moisture content levels were >50% for all samples, regardless of developmental stage ( The results for FGC, GT, GSI, IS, E, and ESI obtained for wet seeds harvested at different stages after anthesis are displayed in Table 2 . These data show that the values were generally lower for the seeds harvested during the earlier developmental stages. Higher germination and emergence values were observed in the seeds harvested from fruits at 70 DAA that were subsequently subjected to a 7-day period of rest. The best value for GSI was observed for seeds harvested at 70 DAA with rest, and there was no significant difference among the seeds harvested from the fruits obtained at 56, 63, and 70 DAA. The ESI results showed no significant difference in seed vigor for seeds harvested from 63 DAA.
The results of the FGC, GT, GSI, IS, E, and ESI tests performed on habanero pepper seeds harvested at different developmental stages and subjected to drying are displayed in Table 3 . The highest measurements for seed germination and vigor were observed in the seeds harvested from fruits at 70 DAA with rest, except for the ESI test results. There were no statis-tically significant differences in the average times to obtain 50% emergence for the seedlings obtained from the seeds at 63, 70, and 70 DAA with rest.
Electrophoretic analysis of the activity of the enzyme isocitrate-lyase in the seeds harvested at different developmental stages and not subjected to drying (Figure 2A) showed the presence of isoforms from 56 DAA. This enzyme displayed higher activity levels in the seeds during the advanced stages of maturity, with the highest activity levels observed in the seeds harvested at 63 and 70 DAA with rest.
The activity of α-amylase ( Figure 2B ) was observed after 63 DAA in pepper seeds harvested at different developmental stages that were and were not subjected to drying; however, this enzyme exhibited higher activity levels in the seeds that were subjected to drying. Higher activity levels of the enzyme endo-β-mannanase were observed in the seeds that were harvested at the developmental stage corresponding to 70 DAA with rest, regardless of drying status (Table 4) .
Mean values followed by the same letter in a given column belong to the same group as determined by the ScottKnott test, with 5% significance. The gene expression tests analyzed by real-time PCR indicated that total RNAs extracted using the PureLink Plant RNA reagent were of high quality and integrity, and free of impurities. The cDNAs generated following amplification using the constitutive gene primers were highly viable. Of note, the dissociation curves obtained for each treatment did not show nonspecific bands or primer dimers. In general, the gene expression analysis produced highly variable gene expression levels from the seeds harvested at different developmental stages.
The relative quantification for the ICL6, α-amylase gene B73 (AmyB73), and MAN2 genes obtained from habanero pepper seeds harvested at different developmental stages are presented in Figure 3 . There was a gradual increase in the expression level of the ICL6 gene during seed development; AmyB73 expression increased during seed development, particularly after 63 DAA in the seeds that were and were not subjected to drying.
The MAN2 gene was expressed in the developing seeds that were not subjected to drying and harvested up to 70 DAA.
The quantitative analysis of the expression of the NCED gene at different developmental stages is shown in Figure 4 . Gene expression increased during seed development, regardless of whether the seeds were dried or not.
The expression of the GA3ox1 gene increased in seeds collected during the 5 initial developmental stages; the highest values were recorded for the seeds harvested at 42 DAA (Figure 4 ).
DISCUSSION
The values for moisture content were high; hence, the samples were dried to avoid deterioration and the generation of products that can cause immediate damage, as described by Caseiro et al. (2004) .
In relation to the physiological tests for the seeds that were not subjected to drying, the results were probably influenced by the physiologically premature state associated with seed dormancy. According to Bosland and Votava (1999) , and Queiroz et al. (2011) , dormancy may occur in non-dried seeds obtained from species of the genus Capsicum.
According to physiological tests for the dried seeds, the results indicated that seed dormancy is disrupted in fruits subjected to rest; thus, the physiological quality of the seeds is favored. Tokuhisa et al. (2008) stated that genotype and fruit age affect the intensity of seed dormancy; seeds harvested from ripened fruits germinate more rapidly, and younger fruits display higher intensities of seed dormancy. According to Nascimento and Freitas (2006) , in species where seeds are contained in fleshy fruits, such as peppers, the maximum values for seed germination, vigor, and buildup of dry matter occur when the seeds reach physiological maturity. In seeds harvested at the developmental stages corresponding to 14, 21, 28, 35, 42, and 49 DAA, the germination and emergence values were very low, probably due to seed dormancy.
The enzyme isocitrate-lyase displayed higher activity levels in the seeds during the advanced stages of maturity, with the highest activity levels observed in the seeds harvested at 63 and 70 DAA with rest. Martins et al. (2000) showed that the enzyme isocitrate-lyase exhibited higher activity levels in the soybean seeds from the cultivar Doko, which normally displays better physiological quality with regard to its seeds than that of other cultivars within the same species. These results support those obtained for the pepper in the current study, in which the highest isocitrate-lyase activity levels were measured in the seeds harvested during the more advanced developmental stages, with high germination and vigor values (Tables 3 and 4) . The onset of isocitrate-lyase activity was observed at 35 DAA for pepper seeds that were subjected to drying. Enzymatic activity gradually increased during the subsequent developmental stages. These results might be related to the higher germination and vigor values observed for the seeds harvested during the more advanced developmental stages (Table 3) . It was also observed that drying the seeds to achieve a moisture content of 8% favors the expression of isocitrate-lyase in the seeds harvested during the less advanced developmental stages. Dried seeds and non-dried seeds displayed isocitrate-lyase activity at 35 and 56 DAA, respectively.
The breakdown of starch, which is the main energy source in most cultivated seeds, is essential for the germination of pepper seeds (Yamasaki, 2003) . The substantial increase in α-amylase activity from 56 DAA onwards also coincided with higher germination and vigor values (Tables 3 and 4) .
It was noted that the seeds harvested at 70 DAA had already reached physiological maturity, exhibiting full development of the enzymatic mechanisms involved in germination. The activity of this enzyme, which is critical for the germination of the pepper seeds, was higher during the more advanced developmental stages.
These results support those presented by Caixeta (2009) , who also observed higher activity levels of endo-β-mannanase during the more advanced developmental stages of the habanero pepper seeds harvested across 3 different developmental stages.
Lower activity levels of this enzyme were observed in the dried seeds harvested at 70 DAA in comparison to the non-dried seeds. It is important to note that there was a considerable difference in the moisture content of these seeds (i.e., 53.54 and 8.09% for non-dried and dried seeds, respectively). This difference might explain the results, as reported by Pereira (2011) , who observed higher activities for endo-β-mannanase in wet Coffea arabica L. seeds in comparison to those in dried seeds.
Seeds that tolerate desiccation and survive drying for extended periods, depending on the storage conditions, are designated as orthodox seeds. These seeds acquire the ability to germinate and, thus, tolerate desiccation following tissue differentiation prior to maturation drying (Bewley and Black, 1994) . However, this tolerance to drying is not uniform throughout the developmental process of the seed. Thus, it cannot be confirmed whether tolerance to desiccation is developed before water loss or as a result of water loss during maturation (Faria et al, 2004) .
There was a gradual increase in the expression of the ICL6 gene during seed development, showing a direct correlation with increases in germination and vigor.
With the exception of seeds harvested at 49 DAA and those harvested at 70 DAA with subsequent rest, seeds harvested at 42 DAA and subjected to drying showed higher expression levels of the enzyme isocitrate-lyase (ICL6). These results are comparable to those from the proteomic analysis obtained by electrophoresis, where higher expression levels of the enzyme were found for seeds harvested from 35 DAA and subjected to drying (Figure 2 ). An isoform of the enzyme appears with these treatments, which was not found in the non-dried seeds. Drying is important in orthodox species that tolerate desiccation, such as pepper seeds, because the drying rate affects the response to dehydration in developing seeds and tolerance to desiccation in plant tissues. Of note, isocitrate-lyase is considered a key enzyme in the regulation of the glyoxylate cycle, and it is also involved in the metabolism of stored lipids and the development of glyoxysomal activity. Insoluble lipids found in seeds are converted into soluble sugars (sucrose) via the glyoxylate cycle; then they are easily transferred to the roots and apical meristems (Zorato et al., 2007) .
According to Oliveira (2011) , peppers of the genus Capsicum have a chemical composition that is ~11.0% lipids. However, Topuz and Ozdemir (2007) reported that the chemical composition of peppers is diverse, and the levels of these compounds may vary with genotype, degree of maturation, type of soil, season of the year, and insolation, among other factors (Kokopelli, 2013) .
AmyB73 expression increased during seed development, particularly after 63 DAA in the seeds that were and were not dried. Through electrophoresis, Caixeta (2009) showed that habanero pepper seeds with high physiological qualities exhibited higher α-amylase activities. This author also reported that, even though these seeds have low starch contents, α-amylase appears to be important in the germination process of this species. Lower gene expression was detected in the dried seeds. This result might be related to the fact that amylases involved in seed germination are synthesized "de novo", which requires that the seeds be soaked in water to germinate. According to Xie et al. (2007) , gibberellin (GA) is synthesized in the embryo after soaking, which then activates the synthesis of α-amylase. However, previous studies have not investigated whether drying might also work as an inductor of α-amylase expression. Oliveira et al. (2013) observed that the AmyB73 gene had higher expression levels in corn seeds that were smaller and subjected to soaking in comparison to the expression levels in those that were bigger and subjected to drying. In the current study, the AmyB73 gene exhibited higher expression levels in the seeds harvested from the fruits obtained at 70 DAA that had not been dried and had been left to rest for 7 days. Of note, these seeds also exhibited higher germination and vigor values (Tables 2 and 3 ). Both the real-time PCR and electrophoresis results showed an increase in enzyme expression levels with seed development in the α-amylase zymogram obtained for the seeds not subjected to drying. Specific isoforms were expressed in the seeds that were subjected to drying and harvested after 63 DAA ( Figure  2 ). This specific isoform might be associated with the AmyB73 gene, since the expression of this gene occurred after 63 DAA in the dried seeds, following a similar pattern to that observed when expression of this enzyme was assessed by electrophoresis.
The MAN2 gene exhibited a similar pattern in germination rate to that observed during the development of the seeds of various species. The germination rate increased early during development; it then declined at 42 and 49 DAA, which was followed by a subsequent increase after 56 DAA. Similar results were observed by Teófilo et al. (1996) ; they recorded an increase in the germination rate of bean seeds during the early developmental stages, followed by a decrease during the intermediate and an increase during the late developmental stages. Dried and non-dried seeds that were harvested at 70 DAA and rested for 7 days exhibited reduced expression levels for this gene. These seeds expressed the highest values for germination and vigor (Tables 2 and 3) .
Of importance, seeds that were harvested at 70 DAA without drying and rested for an additional 7 days had a moisture content of 53.54%, which was lower than that of all other seed types at various developmental stages. However, the difference in moisture contents between the seeds harvested at 70 DAA and those harvested at 70 DAA with rest does not appear to explain this finding. The enzyme endo-β-mannanase is considered essential in the germination process because it is involved in the softening of the endosperm (da Silva et al., 2004) . Thus, this softening process arises as a consequence of the activity of this enzyme, which causes hydrolysis of the cell wall. This process has been widely investigated in the seeds from the tomato, coffee, and lettuce plants (Groot and Karssen, 1987; Nonogaki et al., 1992) . In contrast, Dahal et al. (1997) found no correlation between β-mannanase activity and germination in the seeds of the tomato Lycopersicon esculentum (i.e., a correlation between enzyme activity and germination rate was not observed). These authors found that, even though there was an increase in β-mannanase activity in the seeds before the projection of the rootlet, the reduction in water potential either delayed or prevented the emergence of the rootlet. Dutta et al. (1997) reported that this enzyme is expressed before germination, and it is regulated by the same conditions that control germination. Consequently, enzyme activity decreases with increases in seed germination rates.
The NCED gene is associated with the biosynthesis of ABA. The highest expression values for this gene were documented during the late stages of development, which corresponded to the physiological maturation point of seed. The lowest expression values were recorded during the early stages of development (i.e., 14 DAA).
In this study, higher germination and vigor values were recorded in the seeds harvested during the more advanced developmental stages. However, ABA is known to inhibit seed germination. Consequently, the NCED gene had less of an effect on ABA synthesis and, hence, seed germination. Different genes associated with ABA synthesis, including rd29B, rab18, ABI1, and ABI2, have been reported in the published literature (Kang et al., 2002) . Contreras et al. (2009) found high levels of endogenous ABA in lettuce (Lactuca sativa 'Tango') seeds during the intermediate and late developmental stages, which correspond to the point when seeds become tolerant to desiccation. Clemente et al. (2013) also obtained the same results for lettuce seeds, in which the expression of the LsNCED gene was higher during the late developmental stages. A similar increase in gene expression was observed in this study for dried seeds harvested during the more advanced developmental stages; however, the relative values were lower. These findings confirm those reported by Finch-Savage and Leubner-Metzger (2006) , who proposed that ABA synthesis is directly associated with the moisture content of the seeds, with the lowest values obtained from the seeds with low moisture contents.
After 42 DAA, the absolute expression values for the GA3ox1 gene were low for the dried and non-dried seeds. However, there was no significant difference between the gene expression values obtained for the non-dried seeds harvested at 56 and 63 DAA, 63 and 70 DAA, and at 70 DAA, with or without rest. Dried seeds exhibited no significant difference in gene expression values between those harvested at 42 and 49 DAA, or 49, 56, 63, 70, and 70 DAA. In general, lower gene expression values were observed for seeds collected at the end of the development process compared to the maximum expression values observed for the seeds harvested at 42 DAA. This gene was expected to exhibit higher expression levels in the seeds obtained from the fruits harvested at 70 DAA, with and without rest, in comparison to germination and vigor tests. Likewise, lower expression values for the gene NCED were expected for the seeds during these developmental stages. However, the expression of these 2 genes was consistent in the seeds harvested during the more advanced developmental stages, with an increase in NCED expression and a decrease in GA3ox1 expression. Toh et al. (2008) stated that GA 3-oxidase is involved in the final phase of GA biosynthesis. GA production is necessary for the survival of seeds during embryogenesis (Singh et al., 2002; Sawada et al., 2008) . Moreover, the establishment of dormancy during seed maturation is regulated by interactions between GA and ABA, whereby ABA induces dormancy and GA promotes germination (Holdsworth et al., 2008) . Singh et al. (2002) reported that GA has a critical role at the onset of seed germination, while ABA is required during the maturation process. GA levels increase during seed development, in parallel to primary dormancy via activity of the phytohormone ABA.
CONCLUSIONS
Higher values for seed germination and vigor were obtained in the habanero pepper seeds obtained from the fruits harvested at 70 DAA and subjected to rest for 7 days. Higher expression levels of the α-amylase enzyme and the AmyB73 gene were observed in the seeds harvested after 63 DAA that were not subjected to drying. Higher activity of the endo-β-mannanase enzyme was observed in the seeds obtained from the fruits harvested at 70 DAA and subjected to rest for 7 days. MAN2 gene expression in non-dried seeds increased with seed development until 70 DAA. Higher isocitrate-lyase enzyme activity and ICL6 gene expression were observed in the seeds obtained from the fruits harvested at 42 DAA.
